This paper describes two technics for purifying substances by slow fractional freezing.
In an earlier paper 1 brief reference was made to the use of fractional freezing as a means of purifying benzoic acid. This work was done on a very small scale. It followed closely a t echnic previously used by R . S. Jessup, of the Heat Measurements Section of this Bureau. A cylindrical tube, 2 em in diameter, containing 50 g (45 to 50 ml) of the fused acid (mp 122.4° C) was slowly lowered through a heating coil. As the tube emerged from the coil, freezing began at the bottom and progressed until the whole mass was frozen. During the freezing, which extended over a period of 6 hours, the liquid portion was constantly stirred.
The foregoing procedure was also used to purify benzoic acid on a larger scale, for quantities of about 500 g. The glass tubes used were 4.6 em in diameter, and the column of molten acid was about 30 em long. The tube was lowered through the heating coil by supporting it on a platform floating in a tank of water, as shown in figure 1. Water was allowed to flow slowly from the tank through an outlet valve on a lower floor of the building. This was done to keep the hydraulic head substantially constant. Some difficulty was experienced with stoppage of the needle valve by particles of dirt. Alto-gether, there were enough minor problems in operating this mechanically simple device to suggest that a somewhat more elaborate arrangement, such as a clock-or motor-driven movement, would have proved more satisfactory.
The liquid portion of the acid was stirred with a stream of nitrogen gas flowing from a Branham-Sperling bubbler.2 The total period of r1 FIGURE 1. freezing was from 16 to 20 hours. An advantage of this method is that the acid is readily separated into fractions by allowing all of it to freeze and then cutting the column, tube and all, into suitable lengths. A quantity of benzoic acid, which had an initial purity of 99.91 mole percent, was fractionally frozen three times in this apparatus, and each time the last one-fourth frozen was discarded. The yield of purified acid thus was about 40 percent. Its purity was 99.997 mole percent, as determined by measuring its freezing range in the manner described in an earlier publication. 3 In the study of a process of this sort, it is helpful to know what fraction of the total impurity is removed by a single operation, in this case, a single crystallization. This fraction will be referred to as the efficiency of the process of purification. The over-all increase in purity can be used to calculate the efficiency of the process of purifica~ tion. In this instance the substance cOlitained, in 100,000 moles of starting material, 90 moles of impurities susceptible of removal by fractional freezing. After the third step of fractionation, the content of impurities was 3 moles in 100,000, or 3.3 percent of the amount originally present. Assuming equal efficiency of separation in all three steps of purification, the fraction of impurity not removed in a single step is the cube root of 0.033; that is, 0.32. The average efficiency of purification in this instance was therefore 68 percent.
When benzoic acid was fractionally froz en in the manner described, the solid material was clear and did not show evidence of entrapment of liquid or other macroscopic contamination. It seems probable that the relatively low efficiency of purification was caused by failure to maintain equilibrium at the solid-liquid interface. This could result from irregularities in the seemingly smooth progress of the cell through the heating coil, from irregular cooling caused by drafts or temperature changes around the apparatus, or simply from too rapid freezing. As freezing takes place the impurities increase in concentration in the very thin layer of liquid immediately adjacent to the solid surface. It is well known that this layer is not mixed with the body of the liquid by stirring, hence impurities can be transferred from it to the body of the liquid only by diffusion. It seems evident therefore that the degree of approach to ideal separation of impurities must be a function of the rate of deposition of crystalline material per unit area of surface.
Instead of attempting to improve the relative efficiency of purification by freezing in cylindrical cells, another apparatus was prepared in which the area of freezing surface was larger in relation to the quantity of material to be frozen, and the rate of freezing could be more steadily maintained and more easily regulated. In this apparatus it was possible also to handle much larger quantities than can well be done in cylindrical vessels. The apparatus is shown in figures 2 and 3. It consisted essentially of a long-necked, 5-liter ·flask of Pyrex glass imbedded in an especially effective thermal insulating material, silica aerogel, containing about 15 percent of silicon,4 and provided with a small resistance heater wound around the base of the neck. The flask was filled with molteI;l benzoic acid at a temperature about 100 C above its freezing point, enough to allow the loss of heat to the surroundings to become steady before freezing began. The liquid was agitated with a glass stirrer.6 The stem of the stirrer passed through a hole in the flat bottom of a glass cylinder which closely fitted the neck of the flask, and which was placed with its The impurities measured by tbe freezing range are limited to tbose soluble in tbe liquid but insoluble in tbe crystals. Tbe sam~ limitation applies, of course, to a process of purification based on fractional freezing.
• Ind . Eng. Chern. 31, 827 (1939) . , Tbe glass stirrer is made by sealing two rectangular fiats about 1 em by 6 em to a glass rod. Tbe long edges of the fiats are centered and sealed to opposite sides of tbe rod, forming an angle at 20 to 25 degrees witb it. A stirrer of this type Tibrates less than the usual propeller type. Tbe autbors are indebted to W. G. Schlecht for the design of this stirrer. bottom near the upper end of the resistance heater. The bottom of the sleeve formed a baffle to prevent loss of heat by convection in the neck of the flask and also sublimation of the acid into the neck. As the flask was imbedded in insulating material to a point above the heater on the neck, heat could be added to the system at this point to regulate to a limited extent the net loss of heat from the body of the flask. With the heater furnishing 5.S watts, the rate of total loss A, glass stirrer; B, sleeve to prevent loss of heat by convection; C, flve·liter flask; D, heater for balancing the loss of heat through the neck of the flask; E, insulating material (silica aerogel); F, container for in· sulating material; and G, substance being purified.
of heat from the flask was about 7.5 watts, as determined from the amount of benzoic acid frozen and the latent heat of fusion. The rate of loss of heat was also roughly determined by the rate at which the liquid benzoic acid cooled just before it began to freeze. After the desired fraction of the acid was frozen, the stirring assembly was removed and the remaining liquid was drawn off by suction. Then, a point-source radiant heater in the form of a small 45-watt lamp (automobile headlight type), with its electrical leads enclosed in a glass tube, was lowered through the neck to the center of the flask. Since benzoic acid is nearly opaque to red and infrared radiation, the heat from the lamp caused the surface layer of the acid to melt. About 15 minutes' exposure to the lamp was required to melt 100 g. The surface of the solid which had been in contact with the impure mother liquor was thus washed by drawing off the remelted portion. This washing was done three times. The solid acid formed a nearly uniform layer about 2.8 cm thick over the whole inside of the flask except that it was thinner near the neck, where the level of the liquid had subsided because of the reduction in volume which occurred during freezing. The acid was nearly transparent except for shrinkage cracks which developed on cooling to room temperature. In the foregoing manner about 10 kg of benzoic acid was twice frozen, each time rejecting about 40 percent of the quantity in the flask. The combined products of the first fractionation of two 5-kg lots thus yielded more than enough to fill the flask for the second fractionation. The average purity of the product of the first fractionation was 99.986 mole percent and that of the second 99.998 mole percent. Since the starting material had a purity of 99.91 mole percent, it will be seen that the relative efficiency of separation was about 85 percent in each step. This figure is comparable with the efficiency of 68 percent reported for the cylindrical cell, because nearly the same fraction was rej ected. It represents a marked gain in efficiency. This is attributable in part, perhaps, to a steadier rate of freezing, but <Plainly to a slower rate of freezing. In the flask this was approxidnately 0.18 g/cm 2 of crystallizing surface per hour (a rate of growth Jyf 0.024 mm per minute), whereas in the cylindrical cell it was 1.25 Ig/cm 2 of crystallizing surface per hour. It is obvious that, for any Illiven quantity of liquid to be frozen, the use of the whole surface of a 9'lpherical container as a solid-liquid interface offers a marked advanfjage over freezing at one end surface in a cylindrical vessel. It is true (--that as freezing progresses in the flask the surface exposed to the liquid becomes smaller, thereby increasing the rate of freezing per unit area. However, the rate ofloss of heat can be decreased to balance this change , or even to over balance it, so as to offset the increasing concentration of impurities in the liquid. Crystalline substances in general are such good conductors of heat relative to materials used for thermal insulation that the growing layer of solid does not greatly decrease the r ate of loss of heat at the wall of the flask. All of these effects are decreased as the size of the flask is increased. Within the range of available sizes of flasks, the principal limitation to the scale on which this method of purification can be used is the problem of getting the frozen material out of the flask. This can be done by heating the whole flask in an air or liquid bath, or by the use of a solvent. An internal heater similar to that described, but of larger capacity, could also be used. In the present instance the thick layer of benzoic acid was melted by carefully warming the flask with a gas flame. If this is done, care must be taken to keep the material that first melts from freezing again in the space between the solid and glass, otherwise subsequent thermal expansion of the solid cake will break the flask.
A comparison between the efficiencies of purification here obtained by fractional freezing with those obtained in earlier work (footnote 1) on crystallization from solvent.s may be of interest. In that work the average efficiency of purification in a single crystallization from water was 14 percent and from benzene, 29 percent. These efficiencies were computed on the basis that in a series of n steps of purification the mean fraction of impurity not removed in a single step is the nth root of the fraction of the original impurity that remains after n steps. 'Vith these efficiencies 11 r ecrystallizations from benzene, in the manner there followed, or 25 from water, would have been needed to achieve the same increase in purity that was accomplished by the two fractional freezings. In considering this comparison it should be borne in mind that the purity of the starting material used in the recrystallization from solvents was considerably higher than that uSfld for the fractional freezing and that the character of the impurities was not necessarily the same. It should also be noted that the efficiencies in question do not necessarily represent the highest that could !:lle obtained by the respective methods. 6 1 The apparatus used for benzoic acid was also used (by W . H. ;Smith and W. W. Walton, of this Bureau) to purify a quantity of 4tcetanilide. A single fractionation, in which about 50 pereent was iejected, resulted in an increase in purity from 99.80 mole percent 9~determined from its freezing range) to 99.98 mole percent. The -relative efficiency of purification therefore was 90 percent. In this jfhstance the solid acetanilide was removed from t.he flask by dissolving ~~ in hot benzene. On cooling the benzene solution the acetanilide SWas recovered in the desired form of small crystals. The indicated ''Purity of the product therefore involved one step of crystallization ;to from benzene in addition to the fractional freezing. It was determined after removing the benzene trapped by the crystals. The extent of this incidental contamination by the solvent amounted to 0.11 percent for the crystals as dried at room temperature and 0.05 percent after the crystals were crushed somewhat. The amount of solvent in the substance was determined by a method, developed by the authors 6 for determining water and other volatile material in pure substances. The freezing temperature of this product, after removing benzene from it, was 114.28° C. The purity of the substance and the accuracy of the measurement of the temperature were sufficient to warrant giving 114.29°±0.01 ° C as the freezing temperature of pme acetanilide.
It is believed that slow fractional freezing deserves more consideration as a means of purification than it has received heretofore for substances stable at temperatures somewhat above their freezing points. The slow and steady rate of crystal growth that can be maintained oi1'ers a marked advantage over crystallization from solvents, as commonly practiced, with respect to approaching equilibrium between the solid and liquid phases. The method need not be limited to substances which freeze above room temperature. It should be equally applicable, with a suitable refrigerant, to substances which freeze at lower temperatures.
